Antithrombotic therapy is a cornerstone of treatment for non-ST-segment elevation acute coronary syndromes, as demonstrated in numerous clinical trials. Long-term oral antiplatelet therapy targeting specific platelet activation pathways has demonstrated significant long-term benefits, whereas antithrombin use is limited to the acute setting. Despite proven efficacy of long-term dual oral antiplatelet therapy with aspirin and clopidogrel, residual morbidity and mortality is considerable. This may be partly due to incomplete inhibition of platelet activation with current agents and/or lack of long-term anticoagulant therapy. Improvements in patient outcomes could be achieved by developing agents that inhibit other platelet activation pathways or by adding new anticoagulants such as oral anti-IIa or anti-Xa agents for a prolonged period of time after the acute event. This review describes the rationale behind and the current status of the trials with new antithrombotic agents.
Introduction
Non-ST-segment elevation acute coronary syndromes (NSTE ACSs), which comprise unstable angina and NSTE myocardial infarction (NSTEMI), are a major public health problem. The primary pathophysiological mechanism responsible for clinical manifestations of NSTE ACS involves the formation of platelet-rich thrombi that develop in response to vascular injury (atherosclerotic plaque rupture or erosion of endothelial monolayer). Current management of NSTE ACS consists of acute administration of antiplatelet and anticoagulant agents, revascularization procedures (in many patients), and long-term treatment with antiplatelet agents as well as statins and agents inhibiting the angiotensin pathways. Despite the frequent use of medical therapy and revascularization procedures, the residual acute and long-term morbidity and mortality associated with NSTE ACS remains high. 1 -11 For example, in the PCI -Clopidogrel in Unstable angina to prevent Recurrent Events (PCI-CURE) trial, the incidence of death or myocardial infarction in patients who were treated with a stent at 1 year was 11.7% in patients given aspirin and 8.7% in patients given aspirin plus clopidogrel. 11 Several factors may play a role in the residual risk for ischaemic events. First, aspirin and P2Y 12 ADP receptor antagonists each block only one of the multiple platelet activation pathways leading to thrombotic events, but do not inhibit pathways stimulated by other platelet activators, such as thrombin. Thrombin is the most potent platelet activator, 12, 13 and its stimulatory effect on platelets and thrombosis continues even in the presence of aspirin and an ADP receptor antagonist, thereby potentially leading to acute ischaemic events. Second, variability in individual patient responsiveness to treatment with aspirin or a P2Y 12 ADP receptor antagonist is a clinical limitation of current antiplatelet therapy. 14 -18 Third, long-term use of agents that reduce generation and activity of thrombin is not routinely given after the acute event. Fourth, current lipid-lowering therapies do not completely prevent the progression of atherosclerotic lesions or the generation of new lesions. Furthermore, revascularization procedures are effective in restoring or improving myocardial perfusion and improving symptoms, but do not interfere with thrombosis as the underlying pathophysiological mechanism. Finally, registry data indicate that the chronic use of antiplatelets and other proven therapies for secondary prevention after ACS is suboptimal.
This article reviews the pathophysiology of NSTE ACS, provides an overview of recommended antithrombotic therapies and current clinical practice, as well as reviews new clinical data on an inhibitor of the platelet PAR-1 thrombin receptor and on new anticoagulants.
Pathophysiology of non-ST-segment elevation acute coronary syndromes
Acute presentation of NSTE ACS is precipitated by the rupture of atherosclerotic lesions or erosion of the endothelium, which triggers platelet activation and aggregation, leading to formation of platelet-rich thrombi that impair blood flow and result in ischaemia. 19, 20 Platelet-rich thrombi are stabilized by fibrin mesh which is formed by thrombin-mediated conversion of fibrinogen to fibrin ( Figure 1) . Thus, the goal of medical therapy is to prevent platelet-mediated thrombosis using antiplatelet agents and inhibit the formation of fibrin mesh with anticogulants. Plaque rupture or erosion of the endothelial monolayer exposes blood to the thrombotic subendothelium, leading to the adhesion of circulating platelets and the formation of a platelet monolayer at the site of injury. Adhered platelets are activated by multiple agonists, including thrombin, ADP, and thromboxane A 2 (TxA 2 ). Thrombin is the most potent platelet agonist and is active at subnanomolar concentrations. 13 Thrombin activates platelets primarily through the protease-activated receptor 1 (PAR-1), while ADP and TxA 2 activate platelets predominantly through the P2Y 12 and TPa receptors, respectively ( Figure 2) . 21, 22 Binding of these agonists to their respective receptors induces changes in platelet function including shape change, secretion of platelet agonists, release of inflammatory mediators, activation of the GP IIb/ IIIa receptor, and platelet aggregation. 21, 22 Activated platelets serve as a surface for the assembly and expression of the tenase complex that catalyses the activity of factor X and the prothrombinase complex which converts prothrombin to thrombin ( Figure 1) . Finally, the fibrin mesh is generated by the conversion of fibrinogen to fibrin.
Antithrombotic therapies for non-ST-segment elevation acute coronary syndromes
Based on the pathophysiology of ACS, the primary goal of antithrombotic therapy is to prevent the formation and propagation of platelet-rich thrombi, with inhibition of fibrin-mediated stabilization of platelet-rich thrombi as a secondary goal ( Figure 1 ).
Antiplatelet therapies
Aspirin Aspirin irreversibly inhibits cyclooxygenase, which, in platelets, prevents the production of the platelet agonist Clopidogrel significantly reduced the primary endpoint of death, MI, or stroke (9.3 vs. 11.4%, P , 0.001, Figure 3A ). 7 At 30 days after randomization, the rate of the primary outcome was lower in the clopidogrel group vs. placebo (3.9 vs. 4.8%, P , 0.007). Clopidogrel was associated with an increase in major bleeding complications (3.7 vs. 2.7%, P ¼ 0.001). Among patients who underwent CABG within 5 days of study drug discontinuation, the rate of bleeding was higher in the clopidogrel group vs. placebo (9.6 vs. 6.3%; P ¼ 0.06). 6 In PCI CURE, patients undergoing PCI who were pretreated with clopidogrel for a median of 10 days had a significantly lower rate of the primary endpoint of cardiovascular death, MI, or urgent target-vessel revascularization within 30 days of PCI (4.5 vs. 6.4%, P ¼ 0 . 03). 11 These results demonstrate that the addition of clopidogrel to aspirin reduces risk of adverse ischaemic outcomes in patients with NSTE ACS. However, the residual morbidity and mortality in patients treated with aspirin plus clopidogrel remains high, and the risk of bleeding is increased compared with aspirin alone. The TRial to Assess Improvement in Therapeutic Outcomes by Optimizing Platelet InhibitioN with Prasugrel (TRITON) trial 4 included patients with NSTE ACS and ST-segment elevation MI who were scheduled for PCI. Patients were randomized between standard dose of clopidogrel or a loading dose of 60 mg followed by a maintenance dose of prasugrel. 24 Randomized therapy in TRITON was initiated after the coronary anatomy was defined by angiography. The primary endpoint was death from cardiovascular causes, non-fatal MI, or non-fatal stroke at 1 year. The primary efficacy endpoint was in favour of prasugrel when compared with clopidogrel over the 15-month follow-up (9.9 vs. 12.1%, P , 0.001, Figure 3B ). The reduction in the primary endpoint was 30% in patients with diabetes vs. 19% in the overall population. A total of 2.4% of patients receiving prasugrel had major bleeding vs. 1.8% of patients who received clopidogrel (P ¼ 0.03). Significantly more patients treated with prasugrel had fatal TIMI bleeding vs. those treated with clopidogrel (0.4 vs. 0.1%, P ¼ 0.002). CABG-related TIMI major bleeding was significantly greater with prasugrel vs. clopidogrel (13.4 vs. 3.2%, P , 0.001). 4 In the 12 844 patients who received at least one coronary stent, prasugrel significantly reduced the primary endpoint (9.0 vs. 11.1%, HR 0.82, P ¼ 0.019). Stent thrombosis was remarkably reduced with prasugrel: overall 1.13 vs. 2.35%, HR 0.48, P , 0.0001), especially in patients with drug-eluting stents (0.84 vs. 2.341, HR 0.36, P , 0.0001). 25 Oral antiplatelet therapy with aspirin (unless contraindicated) and clopidogrel is recommended for all patients presenting with NSTE ACS, with continuation of clopidogrel for 12 months postdischarge, in addition to aspirin. New antithrombotic agents for patients with NSTE ACS
Glycoprotein IIb/IIIa inhibitors
The aggregation of activated platelets, regardless of the agonist, is mediated by the cross-linking of the GP IIb/IIIa receptor on adjacent platelets by a molecule of fibrinogen, representing the final common pathway to platelet aggregation and formation of platelet-rich thrombi. 21, 22 By preventing the interaction of GP IIb/IIIa receptors with fibrinogen, GP IIb/IIIa inhibitors prevent platelet aggregation (regardless of the agonist) and subsequent thrombus formation. GP IIb/IIIa inhibitors available include eptifibatide, tirofiban, and abciximab. Eptifibatide and tirofiban are competitive inhibitors, whereas abciximab binds permanently to the GP IIb/IIIa receptor.
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A meta-analysis 1 of six trials evaluating GP IIb/IIIa inhibition for NSTE ACS in patients treated with aspirin and heparin (a total of 31 402 patients), demonstrated a 9% reduction in the combined rate of death or MI with GP IIb/IIIa inhibitors compared with placebo or control (10.8 vs. 11.8%, P ¼ 0.015). The relative treatment benefit was similar in subgroups stratified by risk, resulting in a greater absolute benefit in high-risk patients. Even after a loading dose of 600 mg clopidogrel, abciximab was associated with a significant reduction of the composite of death, MI, or urgent target vessel revascularization at 30 days in the Intracoronary Stenting and Antithrombotic: Regimen Rapid Early Action for Coronary Treatment 2 (ISAR-REACT 2) trial, which included high-risk patients with NSTE ACS. 27 The rate of major bleeding was higher in patients treated with GP IIb/IIIa inhibitors (24 vs. 1.4%, P , 0.0001), but intracranial bleeding rates were similar (0.09 vs. 0.06%, P ¼ 0.40). The ESC guidelines recommend GP IIb/IIIa inhibitors as initial, early therapy in high-risk patients only. 26 
Antithrombin therapies
The primary rationale for the use of antithrombin agents is the prevention of thrombin-mediated generation of fibrin, which stabilises the platelet-rich thrombus.
Unfractionated heparin
Historically, unfractionated heparin (UFH) has been the standard antithrombin. Unfractionated heparin is a preparation of heparin molecules that are heterogeneous with respect to molecular weight. The anticoagulant effect of UFH is mediated by binding to circulating antithrombin III, which augments its inhibitory activity towards several coagulation factors, primarily activated thrombin (factor IIa), and activated factor X (factor Xa), a protease that catalyses the generation of thrombin from prothrombin 28, 29 ( Figure 1 ).
However, because large heparin molecules exhibit a high degree of non-specific binding to plasma proteins and cells, the anticoagulant activity of UFH is unpredictable and must be monitored. In addition, the binding of UFH to platelet factor 4 on the surface of platelets can result in heparin-induced thrombocytopenia. These limitations have prompted the development of alternative antithrombins, such as low-molecular-weight heparins (LMWHs), anti-Xa agents, and direct thrombin inhibitors (DTIs). Several relatively small studies have evaluated the efficacy of UFH in patients with unstable angina. A meta-analysis of these studies demonstrated a trend towards more favourable outcomes with aspirin plus UFH vs. aspirin alone, although statistical significance was not achieved. 30 Low-molecular-weight heparins Low-molecular-weight heparins are preparations comprised of only heparin molecules of lower molecular weight. These smaller heparin molecules have a relatively low degree of binding to plasma proteins and cells. Low-molecular-weight heparins have a more predictable anticoagulant effect, a longer half-life, and a lower incidence of heparin-induced thrombocytopenia than UFH. 28, 29 Similar to UFH, LMWHs bind and activate antithrombin III, although the relative inhibitory activity of LMWHs towards factor Xa is greater than that of thrombin, resulting in a greater inhibition of thrombin generation.
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Figure 3 with ACS were randomized to receive either fondaparinux or enoxaparin. The rate of primary-outcome events (death, MI, or refractory ischaemia) at 9 days was comparable in the fondaparinux and enoxaparin groups (5.8 vs. 5.7%, respectively) satisfying the non-inferiority criteria. The rate of major bleeding at 9 days was significantly lower with fondaparinux vs. enoxaparin (2.2 vs. 4.1%, P , 0.001). At 30 days, the rate of the primary endpoint was comparable between groups (8.0 vs. 8.6%), while the rate of death was significantly lower with fondaparinux (2.9 vs. 3.5%, P ¼ 0.02).
Direct thrombin inhibitors
Unlike UFH, LMWHs, and indirect factor Xa inhibitors, DTIs, including hirudins, bivalirudin, argatroban, dabigatran (oral agent), and ximelagatran (oral agent), exert their anticoagulant effect by binding directly to thrombin. DTIs do not require monitoring and have not been associated with thrombocytopenia, but have the potential advantage of inhibiting clot-bound thrombin. However, they are not active against factor Xa, and therefore do not block thrombin generation. 28, 29 The efficacy and safety of bivalirudin was evaluated in the Acute Catheterization and Urgent Intervention Triage Strategy (ACUITY) trial, 3 an-open label study which randomized 13 819 patients with ACS to UFH or enoxaparin plus a GP IIb/IIIa inhibitor, bivalirudin plus a GP IIb/IIIa inhibitor, or bivalirudin alone (with provisional GP IIb/IIIa inhibitor). Bivalirudin alone (with provisional GP IIb/IIIa inhibitor), when compared with heparin plus a GP IIb/IIIa inhibitor, was associated with a non-inferior 30-day rate of the composite ischaemia endpoint of death, MI, or unplanned revascularization for ischaemia (7.8 vs. 7.3%, respectively) and significantly less major bleeding (3.0 vs. 5.7%, P , 0.001). Major bleeding was defined as the cumulative occurrence within 25-35 days after randomization of intracranial or intraocular bleeding, haemorrhage at the access site requiring intervention, haematoma with a diameter of 5 cm, a reduction in haemoglobin, reoperation for bleeding, or transfusion. The net clinical outcome endpoint (defined as the occurrence of the composite ischaemia endpoint or major bleeding) was significantly lower with bivalirudin alone (10.1 vs. 11.7%, P ¼ 0.02). There is, however, a concern that in patients not pre-treated with clopidogrel, bivalirudin alone may be inferior to the combination of UFH/ LMWH plus a GP IIb/IIIa inhibitor. Although ximelagatran was shown to reduce the incidence of all-cause mortality, non-fatal MI or severe recurrent ischaemia in the ESTEEM trial, 33 this agent has been withdrawn from the market because of liver problems. A similar agent, dabigatran is currently being studied in a phase-II trial of patients with ACS (REDEEM trial).
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Direct factor Xa inhibitors Numerous oral, direct factor Xa inhibitors are in various stages of clinical development, including rivaroxaban, LY517717, YM150, DU-176b, apixaban, and betrixaban, offering the potential of no coagulation monitoring or dose adjustment when compared with current treatment (i.e. vitamin K antagonists). Rivaroxaban and apixaban are oral, direct factor Xa inhibitors in late-stage development for the prevention and treatment of thrombo-embolic disorders. They inhibit clot-associated and free factor Xa activity, and prothrombinase activity, and reduce thrombin generation. Multiple large trials evaluating clinical and safety outcomes with rivaroxaban and apixeban for prevention and treatment of venous thrombosis and in patients with atrial fibrillation have been completed or are about to report the final results. Rivaroxaban was recently approved by the FDA for the prevention of venous thrombosis and pulmonary embolism. Preliminary data from phase-II studies in patients with NSTE-ACS, APixaban for PRevention of Acute Ischemic and Safety Events (APPRAISE) trial with apixaban and Anti-Xa Therapy to Lower cardiovascular events in addition to Aspirin with or without thienopyridine therapy in Subjects with Acute Coronary Syndrome) (ATLAS) with rivaroxaban suggests a further reduction in ischaemic events at the cost of an increased risk in bleeding. 35, 36 In these studies, the anti-Xa agent was given on top of aspirin alone or on top of aspirin plus clopidogrel for a period of 6 months. More favourable results were seen when these agents were given with aspirin alone. Large phase-III trials have been started in ACS patients. Intravenous use of antithrombins (UFH, LMWH, fondaparinux, and bivalirudin) is recommended in the acute phase for all patients with NSTE ACS. The choice of agent depends on the risk of both bleeding and ischaemic events, as well as the initial management strategy (early invasive or more conservative management). In patients in whom the initial strategy is conservative, fondaparinux is recommended as the anticoagulant of choice, if an early invasive treatment UFH, bivalirudin, or enoxaparin is preferred. 26 
New insights and opportunities
Collectively, randomized trials and meta-analyses have demonstrated significant reductions in adverse outcomes with aspirin alone and incremental benefits of aspirin plus a P2Y 12 ADP receptor antagonist in a broad range of patients with NSTE ACS. Despite the clinical benefit achieved with antiplatelet agents, a considerable number of patients die or have recurrent cardiovascular events, both acutely and over the long term, as demonstrated in the CURE 7 and TRITON 4 trials. These events may be attributed in part to the observed variability in individual responsiveness or 'resistance' to treatment with aspirin or a P2Y 12 ADP receptor antagonist. 14 -18,37,38 Suboptimal dosing of clopidogrel, especially in patients undergoing PCI, may be another partial explanation. 39, 40 Furthermore, aspirin and clopidogrel each block only one of the many platelet activation pathways, and do not interfere with other platelet activation pathways, including the PAR-1 pathway activated by thrombin. As a result, platelet-mediated thrombosis stimulated by activators other than TxA 2 and ADP continues to occur, leading to ischaemic events. These considerations demonstrate the need for novel therapies that reduce the high residual risk for recurrent ischaemic events but do not significantly increase bleeding risk. One of the promising new agents in this regard is an oral inhibitor of the platelet PAR-1 thrombin receptor (SCH 530348). In preclinical studies, inhibition of the PAR-1 platelet activation pathway did not cause a prolongation of bleeding time. 41, 42 In a recent phase-II trial in stable patients undergoing PCI, SCH 530348 given with aspirin and clopidogrel for 2 months was associated with a reduction in the composite endpoints of death/MACE and death/MI, as well as a reduction in the individual endpoint of MI, and no increase in major bleeding events when compared with placebo. 43 Addition of a PAR-1 antagonist to the current standard of care may lead to greater reductions in adverse ischaemic events without significantly increasing bleeding risk. Alternatively, the lack of chronic anticoagulant treatment after an NSTE-ACS may also be partly responsible for the high incidence of recurrent ischaemic events. Lower rates of ischaemic events have indeed been demonstrated with ximelagatran and the new oral anti-Xa agents rivaroxiban and apixiban, however, at the cost of more bleeding complications. Obviously, large phase-III trials are needed to evaluate whether adding any of these new agents to standard treatment will result in a net clinical benefit.
Use of antithrombotic treatments in daily practice
Registry analyses and surveys have provided insights into current treatment patterns and outcomes in patients with NSTE ACS. These data reveal broad use of interventional procedures and antiplatelet therapies. However, as in the randomized studies CURE and TRITON, 4, 6 In-hospital mortality decreased from 4.9 to 4% (P ¼ 0.07) and 30-day mortality decreased from 6.2 to 5.1% (P ¼ 0.04).
Conclusions
Substantial residual morbidity and mortality risk remains in patients with NSTE ACS despite the broad use of mechanical interventions and pharmacologic therapy, including long-term therapy with antiplatelet agents. The high residual long-term morbidity and mortality despite dual antiplatelet therapy with aspirin and ADP receptor antagonist can be partly attributed to suboptimal antithrombotic therapy. Improvements in outcomes in NSTE ACS may be achieved with novel therapeutic approaches and greater use of guidelines-recommended therapy. New therapies that target pathways that are not affected by aspirin or P2Y 12 ADP receptor antagonists could provide more comprehensive inhibition of platelet activation and contribute to greater inhibition of plateletmediated thrombosis. Inhibition of the PAR-1 receptor for thrombin is a new approach in the development of novel antiplatelet agents. PAR-1 inhibition, in combination with current dual antiplatelet therapy, could further reduce ischaemic events without significantly increasing bleeding risk. Furthermore, new oral anticoagulants, such as oral DTIs or oral direct anti-factor Xa agents, may be useful additions to the antiplatelet armamentarium. Whether adding any of these new agents to standard treatment will have a future will depend on their ability to show a net clinical benefit in large phase-III trials.
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